The use of Fe(III) as an electron acceptor by microorganisms has important environmental implications and may be associated with the evolution of microbial life (19, 25) . Microorganisms which couple the oxidation of organic compounds with Fe(III) reduction are phylogenetically diverse, including members of the gamma and delta subclasses of Proteobacteria and gram-positive organisms (18) , and may be subdivided into two physiological groups: those that completely oxidize multicarbon compounds to carbon dioxide and those that incompletely oxidize organic substances to acetate. The first group includes Geobacter (5, 20) , Desulfuromonas (7), Desulfuromusa (18) , and Geovibrio (6) species, while the second group includes Shewanella (4, 27, 29) , Pelobacter (22) , Ferrimonas (28) , and Bacillus (2) species.
Microbial Fe(III) reduction has been intensively studied in mesobiotic marine and freshwater anoxic sediments and submerged soils (21) , but little is presently known about microbial reduction of Fe(III) in thermobiotic ecosystems. Some geological evidence from iron oxide deposits is suggestive of Fe(III)-reducing thermophile activity (13, 14) . Ferric iron reduction coupled to oxidation of acetate or molecular hydrogen has been described for microbial consortia of thermophilic microorganisms from different geothermal areas (30, 31) . Thermophilic Fe(III) reducers available in pure culture so far include only the aerobic archaeon Sulfolobus acidocaldarius, which reduces ferric iron with elemental sulfur (3) , and the obligately anaerobic Bacillus infernus, which is able to reduce Fe(III) with formate and lactate at temperatures between 40 and 65ЊC (2) .
In this paper we describe an anaerobic, dissimilatory, Fe(III)-reducing (eu)bacterial thermophile, Thermoterrabacterium ferrireducens gen. nov., sp. nov., which belongs to the Gram-type-positive Bacillus-Clostridium subphylum and which has been isolated from hot springs in Yellowstone National Park.
MATERIALS AND METHODS
Environmental samples. Mixed samples of sediment, water, and black and white stringy biomass were collected in September 1995 from several sites at Calcite Springs at Yellowstone National Park in Wyoming. The temperatures at the sampling sites ranged from 40 to 85ЊC, and the pH ranged from 6.0 to 8. 3 with 10% (wt/vol) NaOH to pH 9.0. The pH 65C of the autoclaved medium was 6.8 to 6.9.
Unless otherwise noted, enrichment and pure cultures were grown in 10 ml of medium in Hungate tubes under an atmosphere of CO 2 (100%). All transfers and samplings of the cultures were performed with syringes and needles. The medium was heat sterilized at 135ЊC for 30 min. All incubations were at 65ЊC unless otherwise noted.
Determination of growth. Growth of bacteria in medium containing amorphous Fe(III) oxide or other insoluble compounds was determined by direct counting with a phase-contrast microscope and a Petroff-Hausser chamber (Hausser Scientific Partnership, Horsham, Pa.). In media with soluble components, growth was determined by counting and by measuring the increase in optical density at 600 nm (OD 600 ) (Spectronic 21; Bausch & Lomb, Rochester, N.Y.).
Temperature, pH, and NaCl concentration ranges. Temperature ranges for growth and Fe(III) reduction were determined in basal medium by using a temperature gradient incubator (Scientific Industries, Inc., Bohemia, N.Y.) with shaking (15 strokes per min). The pH range for growth was determined at 65ЊC. The basal medium was modified by omitting amorphous Fe(III) oxide and adding yeast extract (5 g/liter), fumarate (20 mM), and either morpholinethanesulfonic acid (MES) or HEPES (10 mM); N 2 (100%) was used as the gas phase. The pH was adjusted with sterile stock solutions of HCl or NaOH at 65ЊC and measured with a model 815 MP pH meter (Fisher Scientific, Pittsburgh, Pa.) equipped with a temperature probe and calibrated at 65ЊC. The effect of NaCl on growth and Fe(III) reduction was determined in basal media containing 0, 0.5, 1.0, 1.5, and 2.0% (wt/vol) NaCl.
Substrate utilization. The ability of the organism to grow on different substrates was determined in basal medium in which the glycerol was replaced by autoclaved or filter-sterilized substrates, both in the presence and in the absence of amorphous Fe(III) oxide. When Fe(III) was omitted, the medium was prereduced with Na 2 S ⅐ 9H 2 O (0.5 g/liter). The potential for molecular hydrogen to serve as an electron donor was studied in 60-ml flasks containing 10 ml of medium and with H 2 -CO 2 (80:20 or 5%:95% [vol/vol]) as the gas phase. In experiments with elemental sulfur, basal medium was supplemented with acetate (3 g/liter) and yeast extract (0.5 g/liter) as carbon sources and elemental sulfur (150 mM). The cultures were incubated for 2 weeks, and substrate utilization was monitored by measuring growth, Fe(II) accumulation, or acetate production. A medium in which the organic carbon source had been omitted was used as a control.
Electron acceptors. The potential use of different electron acceptors was studied in the basal medium containing glycerol (30 mM) as a sole electron donor but lacking amorphous Fe(III) oxide. The different electron acceptors were added from autoclaved stock solutions. The medium was prereduced with Na 2 S ⅐ 9H 2 O (0.5 g/liter) in the experiments with sulfate, sulfite, thiosulfate, elemental sulfur, and fumarate. No reducing agent was present in media containing O 2 , Fe(III) citrate, MnO 2 , or 9,10-anthraquinone-2,6-disulfonic acid. Both reduced and reducing-agent-free media were used in nitrate-amended experiments. Cultures grown with glycerol in prereduced basal medium without an electron acceptor were used as inocula (10% [vol/vol] ). The use of the electron acceptors was monitored by measuring growth (for all acceptors), by sulfide production (for sulfate, sulfite, thiosulfate, and elemental sulfur), by high-performance liquid chromatography (HPLC [for fumarate]), and by measuring changes in the visible color of the medium or precipitate [for Fe(III) citrate, MnO 2 , 9,10-anthraquinone-2,6-disulfonic acid, and thiosulfate].
Antibiotic susceptibility. Susceptibility to antibiotics was determined by transferring an exponentially growing culture into fresh basal medium containing 100 g of filter-sterilized antibiotic per ml. The cultures were incubated at 50ЊC for 2 weeks.
Microscopy. Routine examinations and cell counting were performed with a light microscope (model PM 10AD [Olympus Optical Co., Ltd., Tokyo, Japan] equipped with phase-contrast optics). Transmission electron microscopy was performed with a model JEM-100 CXII electron microscope (JEOL, Tokyo, Japan). The samples used for ultrathin sectioning were prepared by poststaining with uranyl acetate and lead citrate as described by Spurr (32) . Gram staining was performed by the method of Hucker as described by Doetsch (10) .
Analytical techniques. Fe(III) reduction was monitored by measuring the accumulation of Fe(II) over time. Fe(II) was measured by adding a 0.5-ml sample from the culture to 5 ml of 0.6 N HCl. After 24 h of extraction, HClsoluble Fe(II) was determined with 2,2Ј-dipyridyl (1). Sulfide was determined by the method of Cord-Ruwisch (8) . Determination of glycerol, short-chain organic acids, and alcohols was performed by HPLC as previously described (33) . Molecular hydrogen was analyzed by gas chromatography (33) .
G؉C content of DNA. The DNA was isolated and purified by the NaOH method of Mesbah et al. (24) . The DNA was digested enzymatically, and the guanine-plus-cytosine (GϩC) content was determined by separating the nucleosides by HPLC as described by Whitman et al. (36) and Mesbah et al. (24) .
Extraction and sequencing of DNA and analysis of 16S rRNA genes. The genomic DNA was extracted from cell pellets by standard methods (23) . The 16S ribosomal DNA (16S rDNA) was amplified by PCR as described previously (11) . The double-stranded PCR products were sequenced by cycle sequencing with an ABI 373 automated sequencer. The 16S rDNA sequences were aligned manually with a representative set of 16S rRNA sequences obtained from the Ribosomal Database Project or from recent GenBank releases. The secondary structure was used as a guide to ensure that only homologous regions were compared. A total of 1,503 nucleotides were sequenced, and 1,202 were used in the phylogenetic analysis. The absence of chimeric molecules was ensured by using the secondary structure and computer analyses. The phylogenetic trees were constructed either with evolutionary distance matrices, using the algorithm of De Soete (9), or by maximum-likelihood analysis, using the program fastDNAml (26) . Bootstrap values were obtained for maximum-likelihood analysis by using 100 replicate trees and random addition of sequence.
Nucleotide sequence accession number. The 16S rDNA sequence of strain JW/AS-Y7
T has been deposited in GenBank under accession number U76363.
RESULTS

Enrichment and isolation.
Eleven samples obtained from thermal areas in Yellowstone National Park were used for enrichment of thermophilic dissimilatory Fe(III)-reducing microorganisms (see Materials and Methods). Basal anaerobic medium, in which glycerol was a potential electron donor and amorphous Fe(III) oxide was provided as an electron acceptor, was inoculated with 10% (wt/vol) of the sample and incubated at 60 and 65ЊC in the dark. After 48 to 72 h of cultivation, in four enrichments from Calcite Springs samples, nonmagnetic brown amorphous Fe(III) oxide was converted to a black solid material of less volume which was strongly attracted to a magnet and contained a significant amount of Fe(II). For the isolation of a pure culture, the enrichment with the fastest rate of Fe(III) reduction (sampling point, 72ЊC; pH 25C , 7.5) was chosen. After three successive 10% (wt/vol) transfers, the enrichment was repeatedly serially diluted to extinction in the basal medium. The highest dilution that was positive for Fe(III) reduction (10 Ϫ7 ) was serially diluted to extinction in agar shake tubes (1.5% Bacto Agar) in the glycerol-containing basal medium in which Fe(III) oxide was omitted and Na 2 S ⅐ 9H 2 O (0.5 g/liter) was provided as a reducing agent. Single colonies were removed and subcultured in liquid medium with glycerol and amorphous Fe(III) oxide. This process was repeated twice, after which the culture was considered to be pure and was designated as strain JW/AS-Y7 T . Some other, similar Fe-reducing strains with similar morphology were isolated. Their taxonomic positions and physiology are under further investigation.
Colony and cell morphology. In agar shake cultures, colonies appeared after 2 to 3 days. The colonies were uniformly round, 0.5 to 0.8 mm in diameter, and nonpigmented. The cells of strain JW/AS-Y7
T were straight to slightly curved rods, 0.3 to 0.4 m in diameter and 1.6 to 2.7 m in length, with rounded ends (Fig. 1) . The cells occurred singly or in pairs and exhibited a tumbling motility. The formation of spores was not observed. 
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Gram staining reaction, Gram type, and cell wall analysis. The cells stained gram positive in both the exponential and stationary growth phases. The cell wall structure of strain JW/ AS-Y7 T (Fig. 2e ) and the absence of a positive reaction in the lipopolysaccharide-polymyxin B assay of Wiegel and Quandt (38) are consistent with it being a Gram-type-positive organism (37) . This is in agreement with the 16S rRNA sequencing data which placed the organism in the Clostridium-Bacillus subphylum.
The ultrathin sectioning of strain JW/AS-Y7 T grown in the medium with amorphous Fe(III) oxide revealed that a prominent feature of the cells is the presence of dark deposits on the outside of the cell wall (Fig. 2a to e ). Electron energy loss spectroscopy analysis confirmed the presence of iron in these deposits.
Temperature, pH, and NaCl concentration ranges. The temperature range for growth of and Fe(III) reduction in strain JW/AS-Y7
T was 50 to 74ЊC, with an optimum at 65ЊC (Fig. 3) . No growth and no Fe(III) reduction were detected at 76ЊC or at temperatures of 48ЊC or lower after 3 weeks of incubation. Strain JW/AS-Y7
T grew in a range from pH 65C 5.5 to pH 65C 7.6, with an optimum at pH 65C 6.0 to 6.2 (Fig. 4) . No growth was detected at pH 65C 5.3 or at pH 65C 7.8. Growth and Fe(III) reduction of JW/AS-Y7
T was observed at NaCl concentrations ranging from 0 to 1.0% (wt/vol), with no growth evident at 1.5% (wt/vol).
Growth and Fe(III) reduction. In the presence of CO 2 , strain JW/AS-Y7 T grew anaerobically with glycerol as the only organic carbon source (Fig. 5) . When amorphous Fe(III) oxide or Fe(III) citrate was present in the medium, the strain coupled the oxidation of glycerol to the reduction of Fe(III). The cell numbers increased with the consumption of glycerol and the concomitant accumulation of Fe(II). Without an external electron acceptor, growth was weaker, and the maximal cell density did not exceed 2 ϫ 10 8 cells/ml (OD 600 , 0.06). Addition of 0.05% yeast extract did not significantly stimulate the growth of strain JW/AS-Y7 T . Glycerol was oxidized incompletely to acetate in the absence as well as in the presence of Fe(III). No H 2 , CH 4 , C 1 to C 3 alcohols, diols, or organic acids, except acetate, were detected in the cultures at any growth stage. In the presence of CO 2 , the ratio of acetate produced to glycerol consumed was 1.28 Ϯ 0. Electron acceptors. Strain JW/AS-Y7 T coupled the oxidation of glycerol to reduction of amorphous Fe(III) oxide (90 mM), Fe(III) citrate (20 mM), fumarate (10 mM), thiosulfate (20 mM), and 9,10-anthraquinone-2,6-disulfonic acid (2.0 mM). Fumarate was reduced to succinate. Thiosulfate was reduced to elemental sulfur. Strain JW/AS-Y7 T did not reduce nitrate (20 mM) or sulfate (20 mM) and was not capable of growth with O 2 (20% [vol/vol] in the gas phase), sulfite (20 mM), MnO 2 (20 mM), precipitated S 0 (150 mM), or sublimated S 0 (150 mM) with glycerol as an electron donor. Antibiotic susceptibility. Chloramphenicol, erythromycin, and rifampin completely inhibited growth and Fe(III) reduction at a concentration of 100 g/ml of medium. Ampicillin, streptomycin, and tetracycline at 100 g/ml did not inhibit growth and Fe(III) reduction.
DNA base composition. The GϩC content of the genomic DNA of strain JW/AS-Y7
T was 41 mol% (as determined by HPLC).
Phylogeny. 16S rDNA sequence analysis indicated that strain JW/AS-Y7
T is a member of the Bacillus-Clostridium subphylum of the Gram-type-positive (eu)bacteria (Fig. 6) . Phylogenetic trees based on maximum-likelihood analyses and distance matrices were similar. However, bootstrap values for the position of JW/AS-Y7 T indicated that this position is not yet conclusively resolved. Isolation of closer relatives should help resolve this. Using the available 16S rRNA (or rDNA) sequences, similarity matrices generated by the Jukes and Cantor correction (16) as modified by Olsen (35) revealed that JW/AS-Y7
T was 83% similar to Ammonifex degensii (15) , the nearest neighbor.
DISCUSSION
Strain JW/AS-Y7
T is a facultative Fe(III) reducer, capable of oxidizing organic substrates in the presence and absence of Fe(III). This strain represents the first dissimilatory Fe(III)-reducing anaerobic thermophile isolated from a terrestrial geothermal area and is the first example of direct isolation from a thermobiotic environment of an organism that uses Fe(III) as an electron acceptor. Greater cell numbers were obtained in media containing Fe(III), suggesting that Fe(III) reduction may play a role in energy conservation. The observation that no molecular hydrogen was produced during growth under all tested conditions suggests that Fe(III) reduction is not a detoxification process. While the pathway of glycerol degradation remains unknown, the results obtained do suggest that the isolated organism is an acetogenic bacterium. Based on the obtained stoichiometry, the degradation of glycerol could be described by equation 1, with reduction of CO 2 (12, 34) , or by equation 2, with reduction of CO 2 and Fe(III).
⌬G 0Ј ϭ Ϫ252.6 kJ/mol of glycerol range for growth is from 5.5 to 7.6, with an optimum at 6.0 to 6.2. Growth occurs in the NaCl concentration range of 0 to 1.0% (wt/vol). In the presence of CO 2 , strain JW/AS-Y7
T is able to grow with glycerol as the only organic carbon source. Couples the oxidation of glycerol to reduction of amorphous Fe(III) oxide or Fe(III) citrate as an electron acceptor, forming Fe(II) as magnetite and siderite. In the presence as well as in the absence of Fe(III), and in the presence of CO 2 , glycerol is oxidized incompletely to acetate as the only organic metabolic product, leading to a ratio of more than one acetate molecule produced per glycerol molecule consumed. Does not produce H 2 . Utilizes glycerol, lactate, 1,2-propanediol, glycerate, pyruvate, and yeast extract. Grows weakly on glucose, fructose, and mannose, producing acetate as the only organic product. In the presence of Fe(III) utilizes molecular hydrogen. No growth occurs with formate, acetate, methanol, ethanol, n-propanol, i-propanol, n-butanol, propionate, acetone, ethylene glycol, 1,3-propanediol, fumarate, succinate, phenol, benzoate, 9,10-anthraquinone-2,6-disulfonic acid, starch, olive oil, elemental sulfur, sucrose, galactose, xylose, cellobiose, or arabinose, with or without Fe(III). Reduces 9,10-anthraquinone-2,6-disulfonic acid, fumarate to succinate, and thiosulfate to elemental sulfur. Does not reduce MnO 2 , nitrate, sulfate, sulfite, or elemental sulfur. Growth is inhibited by chloramphenicol, erythromycin, and rifampin at 100 g/ml but not by ampicillin, streptomycin, or tetracycline. DNA base composition is 41 mol% GϩC (HPLC). The habitat is freshwater hot springs such as Calcite Springs in Yellowstone National Park, Wyoming.
The type strain and, so far, the only isolated strain is JW/ AS-Y7 T , which has been deposited with the Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH under accession number DSM 11255. 
